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Abstract:

The paper presents advances in two new sensor and miniatunzed associated clectionies technologies
which, when combined, caty allow for very significant miniaturization, and the reduction of weight and
power consimption inX-ray and gamma-iay spectroscopy systems:

1. Meicuric jodide (Hgly) x-ray technology, which allows for the first time the construction of truly
pottable, high-energy resolution, non-cryogenic x-ray fluorescence (XRE) el emental analyzer systems,
with parametess approaching those of laboratory quality cryogenic instiuments.

?. The silicon avalanche photodiode (APD), which is a solid-state light sensitive device with internal
amplifi cation, capable of umquely replacing the vacuum photomultiplier tube 1 scintillation gamma-ray
specttometer applications, and offeimg substan tial inprovements in size, rog gedness, low power
operation and enct gy resolution.

3. Mintatunized (hybridized) low noise, low power amplhification and processing electionies, which take
full advantage of the favorable proper ties of these new sensors and allow for the design and fabr ication of
advanced, highly miniaturized x-ray and gamma-1 ay spectioscopy systeius.

Thie paperalso presents experimental results and exatnples of spectiometiic systems cunrently undes
construction.  The dill~(i(MIS forfotuicdevelopmentsarediscussed.

Mer curiciodide (1gl)) technology:

Mercuric iodide (Hgly) occurs i two nain phases, tetragonal alpha-Hylsy and orthorhombic beta Hely.
The tettagonal alpha-Hgly is stable atioom temperature and undergoes a reversible transition to the
orthothombic phase at abont 1309C. Alphia-Ygly single crystals usually are grown cither by physical
vapor tian sporl at temperat ures in the range of 100 115°C [ 1], o1 in soluti on at 25°C by decomplexing of
dimcthyls ulfoxi de-Fgly complexes |2]. Crystals grown fiom the vapor are character ized by better charge
transport propeitics [3]. Table 1 lists selected properties of 1 1gly erystals. The cunent, most widely
used vapor - g 1owth techinique was introduced by Schiolz [4], and subsequenitly modified by different
labioratories | 1,51, Another method, also used, is the growth of Hgly platelet crystals by polyrne: -
assisted vapor transport [6,71. The lattes method yields relatively sall sized single caystals,

Prior to detector fabrication, the as-grown crystals are sawed into slices, polished, and then etched in an
aqucous solution of KI. Electiod es are deposited onto both side.s of a slice. of Hgly single crystal. Forx-
1ay applications, usually Palladium of 100-200 A thickness is used as the elec trode material. A guard
ting slim’tlllc is employed in orderto reduce surface leakage currentand nuprove the electric field
distribution in the active partof the detector. The unit is then mounted onto a ceramic subst rate for
mcchanical support. Fhe surface of the detector is passivated and protected from the envitonmient by a
very thin (1-3 pn) plastic encapsulant. The Union Carbide Parylene process has been adopted for this
pm})osc. Detectors are produced in dift ¢ rent shapes and sizes, rtanging from a few mm? up to several
cm?. Technigues have been developed to fabricate either single ormuoltiple detectors on the same crystal
shice. 111 addition, more complex, multieler nent det ectors have been designed in the form of submodules
that can be agpregated into large hinear o1 two dimensional arrays. A typical detector leakage current is
inthe range of 0.()8»0.5;)/\/1:1!1\7 atroom temperature, depending on the spectfic crystal and applied bias
voltage. ] ligh-cner gy- resolution detectors are constructed to ¢ xhibit the lowest electronic noise find the




best possible charge collection. Their capacitances are kept below 1 pE. A reduction of the electronic
noise level of a spectroscopy systein, as well as an enhancement of the charge collection, can be achieved
by cooling the detector and the input Field Effect Transistor (FET), and can be accomplished using
miniature thermoelectiic (Peltier) coolers. These sall, single stage coolers are very compact (less than
0.3 cmd) and use very little power (250 W) 1o achieve an effective temperature in the range -10 to 00C.
Properly fabricated detectors show very good long term stability and reliability of their performance
under varions ambient conditions, including high vacuum and temperature cycling [8]. Also, Hgly
detectors exhibit excellent radiation damage 1esistance in comparison to other semiconductor detectors
[9,10}.

In suniary, it has been found that Hgly possesses a nuniber of properties that make it very attractive for
100m temperature x-ray detectors that are capable of high energy resolution.
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Propeily Yalue
Crystal Structure Tetragonal (low ‘1, 1ed)
Orthorthombic (high T, yellow)
] attice Parameters a:b:4.30] A, C - 12.450A
Density 6.4 g/cma
Mclting Point 2590C
Phase Transition Temperature 1279C
Dielectiic Constant 8.80 1.21 (at 5461 A)
Index of Refraction 2.7/1 (at5890 A), 2.6? (at 6328 A)
Band Gap ?2.13 eV
Yilectiical Resistivity ~10B ohni-em
Eleetron Mobility - 100 cm?/Vs at 300K
Hole Mobility - 4 em?/Vs at 300K
(), <103 em?/V
(r <10-5 em?/V
Fnergy pere-hpai 4.2 ¢V (mecasured)
_ Yanofactor o .. 01

Avalanche photodiode (A PD) technology:

The most comnon "reach- thiough™ APD structure was introduced by R.). Mclntire over two decades ago
[ 11], and devices based upon it have been produced sinee then in many commercial companies. This
structute: allows one to achieve reliable and high performance devices with usefulinternal gain, These
devices have found many applications, including those in shor twavelength communications. However,
due to thei 1 gmall active areas (limited 1o only a fow square milliliters, atmost), they neveroffer Cd any
real competition to PMTs in a wide. 1ange of applications.

Recently, though, newer farge area avalanche photodiodes have become available [12,13]. These newer
APDs are based upon a construction which utilizes a highly unifor s, beutton-transmutation-doped
silicon, thusallowing for the formation of alarge ale,.a, uniform junction,  Breakdown at the Junction
periphery is prevented, even with very high electiie fields, by physically beveling the edges of the diode,
and by specially tieating the edge [13]. This tech nology s1ow offers APDs with diameters much larger
than 0.51n., capable of operating at voltapes in excess of 2kV. APDs of 200 mmn? arca have typical
sutface dark corrents of 200 nA, and bulk datk currents of less than 0.5 nA. Thie large arca APDs can
operate with gainsupto 1,000. The parameter kot which deteimines the noise pet for jpance at high
gain] ] 1], is approximately 0.001 5, compar ed to 0.0025 quoted for the best "reach-th rough™ styuctures.
The typical quantum efficiency of current dfcb’ices is ‘/(3-85% in the 550 1000 nirange of photon




wavelengths, falling to a few percent at 300 nm, although there 1s an extensive effort being pursued to
improve the sensitivity of APDs at shorl wavelengths to extend its response into the UV region. Such
APDs offer an overall reduction in system size and complexity, compared with general purpose PMTs, as

well as muproved ruggedness, 1chiability and longevity.  Additional advantages include a lincar response
over a 7 decade range of signal intensities. The new photodetector diaws less power than an equivalent
PMT, and operates from a single Ingh voltage. Since 1t is immune to the effects of magnetic fields it
requires no shiclding.

M iniaturized A mplification and Processing Flectr onics:

The development of miniatur ized, low noise, low POWCE amplification fina p rocessing electionics allows
ong to take full advantage OF th ¢ new sensors and to develop highly compact spectioscopy systems Hglo
systems benefit much more strongly by the use of hybridized elects onies thian do the bulky Sifl ] or Ge
cryogemcally cooled systems, which require hiquid nittogen and high vacaun n operati on. We have
concentiated oureffor 1s towaids the development of high performance electronics fot space applications
and synchrot ron radiation applications.

a) I'reamplifiers

A pulsed-light feedback p rea mplifier has been constructed using hybaid techniques ina standard 24-pin,
dual -in-line package (DIP). The preamphifier has been tested with Hgly x-1ay detectors, and the
clectionic noi se level of th C systemn was measured at below 20 elections 1is [ 14] at 12 ps shaping tine,
power consumption was 270 mW. Recently, a 0w design was amplemented which allows for the further
reduction of power consumption down to about 85 W, without any deterioration in noise
charactenstics. The cireuit is prepared forhybndization ina 14 pin dual-in-line package (0.79" x 0.47")
and will weigh about 4 grains.

b) Amplifiers

A tnangalar shaping amphifier, including & wiap-around basehine 1estorer, computer controlled fine and
coarse gains, and computer selectable shaping times, has been developed and hybridized ina 50-pin 1)1P
package (1 .5" x2.6"). The total power consutption of the amphfier is about 2.6 W. The amplifier can
work in conjunction with a recently developed pile-up rejector (P UR), which has also been hybridized in
a separate 2.1"x0.9" package.  These circuits wer e tested with Hgly detectors for countrates of upto /5
keps, and showed no practical diffesences with full sized commercial spectroscopy amplifiess at the
sclected shaping tines. The details of the design and testing procedures are given elsewhere | 15].

For space applications, the amplification circuit can often be simplified by using only single settings for
the gainand shaping time. Also, pile-up 1ejection electionics can be eliminated for low count rate
experiments. Out J)lc.suit effortin collaboration with the University Of Chicago, for example, is
concentrated on such a design, which besi des the amplhification and shaping circuitry ivolves a baschne
restorer, a peak detectorand a sample-and-hold circuit. The power consumption of this design is about
150 mW, and it can be hybridizedina 16 pin DIP (0.89 "x0.477) package.

¢) Processing clectyonies

A quad single channel analyzer (-SCA) that has fournindependent SCAs, each followed by 24 bit scalers,
has been developed and hybridized ima 1 .57x3. 07 package. The circuit is builtto be inter faced witha
computer that can be used to set the threshold levels of the SCAs, and p rovide for the readout of scaler
contents. “Total power dissipation is only 0.8 W. A more detailed description of the design is given
elsewhere [15].

Formany applications, a mmmiatunized low power multichannel analyzer is much more desirable than a
senies of SCAs. There is an active effortinvolving the University of Chicago and the Max Planck
Institute to construct such processing electionics, mcluding the ADC and assorted memories, digital
signal processorsandinter face.s. By using a low powur, successi ve-appr oximation 12 bit ADC (A nalog
Devices AD7878), and by combining 3 channels (thus effectively 1educing it to a9 hit system), and



finally by mmcorporating Gatti corrections [ 16], it was possible to obtain differential nonhincarnties below

1%.

Experimental Results:

Fig ure 1shows a ¢h aracteristic X1 ay spectium for copper taken with a Hgly spect rometer opesating, as an
mtegral part of the Scanning Election Microscope and Particle Analtyzer (SEH M PA) prototype instrument.
The char actenistic x-1ays were excited by elections. The spects unn shows well separated Cu Xy and Cu K
(s lines at 8.0 and 8.9 keV, withanencrgy resolution of 218V (B WHM) (at the 8.0 keV peak). Also
shownare Cu 1, lines (I, | pat 928, 948cV, respectively) exhibiting 190¢V (' WHM) encigy
resolution. Figure 2 presentsa Ni target fluorescence spectium micasured with the same instrament used
10 obtain tir datain Figure 1. Tn addition to the Ni K, and Kﬁ hnes at 7.5 and 8.3 keV, the combined
Ni 1. lines an e clearly visible at 849¢V with an energy resolution of 182¢V (FWHM). The SEMPA
instrumenthad been developed forNASA's Mariner Mark 1l Comet I<c.ilcle~\"oils/A stc.ioi(I” Flyby Mission
to analyze cometary dust, and was designed 1o provide the simulta neous information of both an SEM
image and the el emental composition Of dust grain specimens.

Figure 3 shows an x-1ay speetrum of meteor ite Murclison, tak en with a Hglyp spectt ometer inserted into
the Alpha Back scattering Instiument, A 244¢y,, alpha source was used to excite fluorescent x-1ays from
the sample. The Alpha-X Backscatter ing Insti ament 1s under development in collabor ation with the
Ulniiversity of Chicago and the Max Planck Institute to analyze the cotnprosition of the Marlian surface on
the upconnng Mars 94 Mission.

Figute 4 p resents a composite of x-1ay spectra from differ ent targets taken with a Hgly asay. Yor
relatively low countrate conditions (JO keps) the following ¥ WHM e nergy resohitions were obtained:
252¢V at 5.9 keV (M- K(,), 380eV at17.44 keV (Mo-K,), and 479¢V at 24.14 keV (hrK(,_). The
spectia shown her ¢ were measured using the Stanford Synchiotron Radiation aboratory's (SSR 1)
intense SR beams to excite elemental targets. Hely detector arsays arc being developed to enbance the
benefits of synchrotionradiation sources inseveaal file’.asofacl\'fillc[<l biologicalandmaterials science
research, Recently , a two dimension al anray of twenty elements has been fabnicated, and construction of
4100 cl cient detectorarray system has also b egun.

Figures 5-9 1eport results obtaimed with a large arca Avalanche Photodiode (APD). An avalanche
photodiode was optically coupled to a Cs1(T1) scintillator (1.27 yimX1.27 1am). The diameter of the
APD was 15 mm. The APD/sciutillator detector was tested by using different radiation sousces. Figure 5
shows the ganna 1ay spectium taken using a 13706 sowrce. An cnergy resolution of 6.24 % for the
1375 (662 keV) pamma line was obtained. Figure 6 shows an energy 1esolution of 7.7 % for a 511 keV
Jline (??Na source) and Yigure 7 shows an energy resolution of 23.1% for an 80 keV line (]33}321 SOUTCE).
The APD/scintillator combination was also tested with a 122 keV line (5’/(7() source) and the encrgy
resolution was 16.3% (cf. figure 8). Another APD was also measimed with a BGO scintillator inradiated
with a ??Na source (511 keV and 1275 keV gamma 1ays). Figure 9 shows the spectrom taken at 00C.
The FWHM at 511 keV 15 11.2%. The same BGO arystal was measured with a PM tube, and the FWHM
at 511 keV was 11.6%. In Figuie 9, the bismuth escape peak (511 keV - 76 keV) was well distinguished
on the left shoulder of 511 keV peak, & feature which 1s not possible to observe with a PM tube.

Future Development:

The requin ement s for space mstrimentats on are in many aspects very similar to that for terr estral field
applications. The 1educed weight, power and size of the spectiomeler can lead to extiemely attractive
pottable x-1ay fluorcscence instrunents and ganima-1ay spectiometers for envitonmiental pollution
monntoring, geological exploration, marine mincial anatysis, archcomelry, andindustrial matenal quaiity
assur an ce. One can foresee new generation, encrg y dispe rsiv ¢, de lector array gannna carneras which are
able to cfficiently 1¢jeet Compton scatter, and thereby enhance medical or ind ustr ial images.




Our continuing effort is directed toward the improvemient in Hyly crystal growth methods, the
refinement of detectos fabrication techmques, and to the development of new designs of the associated
clectronies. In the arca of APDs, we are putting an extensive effort into developing large scale, two
dimensional deteetor mrays. The developmient of miniaturized, Jow noise, low power processing
clectionics allows one to take full advantage of the favorable properties of these new sensors. Rapd
progiress i conuncrcial operational amplificrs, CMOS microcomputers and other hardware logic
clements with lower power consumption, reduced noise, and lower cost, strongly benefits the portable x-
tay spectrometric instrumentation ficld. For Tmpe scale detector anays, these advances can be translated
mto a possibility for constructing very powerful systems with affordable costs per electionics channel.
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Figure 1. X-ray fluorescence spectrum for copper.
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Figure 2. X- ray fluorescence spectrum for nickel .
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